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ArMETHOD AND APPARATUS FOR CONTROLLING THE-HEAD VELOCITY 
INOF A DISK H ARD-DRIVE DURING RAMP LOAD/UNLOAD 

5 

FIELD OF THE INVENTION 

The present invention relates to a method and apparatuo for controlling 
the tranGduccr head velocity in^ a disk drive during €b-ramp load or unload 
procoduro . 

10 More particularly, tho prcoont invention providco for tho control of tho 

transducer heads using a microprocoGGor to determine the opccd of the hoado 
and, accordingly, to make velocity adjustments. 

BACKGROUND OF THE INVENTION 

D A hard d isk drives include is a device with one or more disks , or platters, 
15 on which digital information is stored as in the form of magnetic charges. The 

disk (or disks) is aj?e-mounted on and rotated by a cvUndrical spindle rotated by a 
spindle motor aosemblv . An actuator assembly includes an actuator arm and 
Contemporary hard disk drives t>T)iGally include an actuator, a rotary actuator 
structure that is powered by a voice coil motor (-VCM-) . The v -en-actuator arm 
20 extendsing from the VCM and supports a slider that includes a read/write head. 
The head reads from and writes to the disk as the slider flies over the disk on an 
air cushion. T-he VCM positions the head and a tranoducor head disposed at tho 
end of the actuator arm. Tho rotary actuator otructurc positions one or more 
shdor head aosembhoo at desired locations relative to the surfaces of the 
25 magnetic disk or disk s. A hard disk read/write head, which is used to read and 
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write tho data to and from the magnotic disk, io mounted onto tho olidor hoad 
aGGcmbly. Thuo, the olidor phyoically oupports the head and holdo it in the 
correct position relative to tho hard diok platter as tho head floato ovor tho 
s^Hpfeee. While the actuator aoGombly io actuated by a VCM, a spindle motor 
5 rotates the magnetic diok or dioko. 

D in modern d isk drives have been designed the hoads - w ith a landing zone 
are generally parked, or otoppod, at the inner diameter of the disk to park the 
head. The , such ao a landing zone, whenever the opindlo aooembly is at root. A 
landing zone is an area of the diok that io designated as either a takeoff or 

10 landing spot for the heade as while the disk spindle starts spinning or stops 
spinning, moving respectively. AsOaee the disk spindle starts spinninga aaeter 
begins to accelerate , the read/write heads is_are-dragged onto the disks until the 
disk s accelerate to a reaches a speed that creates sufficient air pressure for a t 
which the heade to will fly, or separator from and fly over the disk platter . 

15 T To minimize the friction between the read/write head and the hard disk, 

the surface of t he disk can have is usually textured to create a "rough- texture 
surface to minimize friction between the head and the disk in the landing zone. 
However, as disk drive . Ao the storage capacity of hard diok drives increases 
every year , the flying height of the read/write heade decreases , and the disk is 

20 given a . Thuo, a hard disk surface must be very smooth texture to avoid 
damaging either the head s and/or tho disk drive . The smooth texture 
dramatically increases If, for example, the heads are parked onto the smooth 
surface of the disk, the contact friction between the head and the disk in the 
landing zone increaseo dramatically . As a result, an-increased spindle motor i a 

25 current may be required to break the head loose from the disk drive to allow the 
disk spindle to rotate, or spin_-up. 

D This concern io relevant today as manufacturero of modern d isk drives 
have a re-increasinglv designing smaller form factors, or disk sizesr (2.5"-, 1.8"- 
and l"^^H5e^Efty) . Small form factors are useful , particularly in battery-operated 

30 devices where ir -^An-increased spindle motor i sHfehe-current to spin up the disk is 
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required to rotate tho opindlc io thoroforo unftot-desirable. S Additionally, a 
emallea? form factors reduces the disk surface area and the total diok data area , 
which is reduced further by i f-a separate landing zone is employed . S Finally, 
emallef form factors disk driveo are also more susceptible to operational and non- 
5 operational shock , which could be _moro damaging if the head and the disk are in 
contact. Thus, small form factors are penalized by a landing zone. 

D To overcome these conotraints, d isk drives have been designed with 
manufacturers have implemented a ramp to avoid a landing zone. The structure 
where tho hoado are lifted off the diok and are parked onto a separate ramp. In a 

10 ramp otructurc, the read/write heads do not fall to the ourfaco of tho disk when 
the disk's motor otops. Rather, the heads is_d3fe-lifted off from tho surface of the 
disk while the drive io still spinning and unloaded arc parked on the to special 
ramp while the disk is spinning:, and then s. After tho read/write hoads have 
ascendod tho ramp, the disks decelerates and stops spinning. When the-power is 

15 reappHed to the spindle motor, the process is rcvorood. T the disks spins up^y and 
once the disks hasve sufficient accelerated to a speed for such that the head tos 
fly without contacting the disk surface , the heads is loaded from are moved off 
the ramps and positioned over onto the surface of the disk platters . 

During e-ramp load/unload procedure , the head velocity of tho read/write 

20 head is accurately controlled to avoid damaging the heady or the disk at athe 
contact p oint of contact, thereby compromising the diok drive reliabihty and 
quahty . As the VCM actuator coil moves through its magnetic poles, it generates 
a back electromotive field (EMFe af) voltager(^feefflf^T which is proportional to its 
speed. ThttSr -e back EMF voltage also V bemf4s-an-indicates or of tho actuator 

25 velocity and therefore may bo accurately mcaourod to provide feedback of the 

head velocity. The back EMF V bftm^voltage (Vbemf) can m a^be calculated based 
on the total voltage across the VCM (Vvcm) and the IR drop across the VCM 
(Ivcm X Rvcm") as follows: 

Vbemf = Vvcm - (Ivcm x Rvcm) . CQ 

3 



Thus, the back EMF voltage is measured bv removing the VCM IR drop 

from the VCM voltage b y firot dotormining tho overall voltago acrooo tho VCM 
coil. The total voltage acrooo the VCM coil io: Vb emH-jvem^^^Ryem ^ To moaouro the 
Vbeift f, thcroforc, tho term I^ em^^Rye m, which roproocnto tho VCM "IR" drop, io 
5 removed from tho equation, thorcb^^ ioolating tho Vb em f voltago . 

The^e back EMF voltage can be measured bv are two mothodo by which 
tbe-Vbem f voltago may be ioolatod and mcaoured. Ffrot, a fiPulse wWidth 
mModulation (PWM) technique or may bo uocd. Second, an IR cancellation 
technique may bo cmployod . In the Puloo Width Modulation (" PWM^ technique, 

10 the VCM is turned off periodically, forcing the VCM current in the VCM coil, Iv emj 
to go to zero. Since T hu&r-the -IR" drop across the VCM is .coil oqualo zero^ 
the backEME-Vbemf^voltage is .may bo readily measured. In the IR cancellation 
technique^ the back EMF V wi-voltage is determined by measuring the gain ofin 
a servo loop. Since U n like tho PWM technique, tho current to the VCM current 

15 is not periodically turned of f in tho IR cancollation technique. Rathor , some 
cahbrations may bo required to cancel the IR drop component from the VCM 
voltage. The S ueh-K^ahbrations may need to be repeated because temperature 
and voltage deviations may cause the gain of the servo loop to change frequently 
over time. 

20 Of the two Vh em i moaouremont tcchniqucG diocuGsod above, the PWM 

technique io oaoicr to implement. The PWM technique requires less hardware 
and fewer calibrations than the IR cancellation technique. However, the 
load/unload procooo of the VCM in the PWM technique may generate b e-audible 
noise during ramp load/unload and therefore inappropriate for apphcationo in 

25 which audible noise is not dosirablo . The IR cancellation technique , however, 
may itoolf not bo appropriate for cortain apphcationo, ao it io more sophisticated 
than the PWM technique and requires arrobust caUbration technique w ith more 
asGOciatod hardware. -Further, €tn-increased voltage i n-febe-resolution of the 
voltage moaourcmonto may require a hardware deoign change to increase 
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bocauGO tho rooolution and accuracy of tho moaouromonte io a function of the 
number of bits of the analog-to-digital A /D-converter. 

Disk drives have been In tho prior art, hardware had to bo Gpocifically 
designed for either the PWM or IR cancellation techniques. If both techniques 
5 were needed for a particular apphcation , two distinct sets of hardware had to be 
implemented, thereby p osoibly increasing tho overall cost of tho systom . 
Further, during thn implomontation of the moaouromcnt tochniquco. thea 
decision ao to which technique would bo omployod needed to be selected m ade 
before p rior to any voltage measurements, thereby greatly reducing tho system 
10 flexibility. 

There is. therefore. For tho roaGono otatod abovo and for other roaoono 
proGontod in greater detail in tho detailed dcGcription of tho prooont opocification, 
thcro is a need for a disk drive with doGirc for a Gvstom that allows for tho 
accurate control of the a disk road/writo head during arramp load/unload 
15 procoduro . T in particular, t here is also a need for a disk drive that measures the 
back EMF voltage with system that may employ c ither the a -PWM technique or 
the e ^IR cancellation calibration technique to mcaGuro the back cmf voltage 
without tho nood for hardwiring a specific measurement technique or making 
multiple oyotom calibrations prior to operation of the disk drive. 

20 

SUMMARY OF THE INVENTION 

To achieve these and other advantages and in accordance with the 
purpoGCG of the present invention, as embodied and broadly described, a method 
25 and apparatus for controUing the velocity of a road/writo disk head during a 
ramp load/unload are disclosed. 

A disk drive controls head velocity during ramp load/unload by measuring 
voltages across a VCM and a sense resistor in series with the VCM. calculating a 
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back EMF voltage using the VCM and sense resistor voltages, and adjusting the 
head velocity using the back EMF voltage. 

An A ccording to an e mbodiment of the proGont invention, a method 

includes amplifying the VCM and sense resistor voltages^ multiplexing the 
5 amplified voltages, digitizing the multiplexed voltages and calculating the back 
EMF voltage in discrete-time based on the digitized voltages. 

Another embodiment includes selecting between the PWM and IR 

cancellation techniques and calculating the back EMF voltage using the selected 
technique without two distinct sets of hardware. 

10 Another embodiment includes calculating a cahbration constant by 

comparing reference voltages across the VCM and the sense resistor while no 
current is applied to the VCM with voltages across the VCM and the sense 
resistor while current is applied to the VCM. 

Another embodiment includes calculating a control variable in the discrete 

15 time domain using a proportional-integral control technique that compares a 
target head velocity to an actual head velocity and adjusting the head velocity 
based on the control variable. for accurately measuring the Vb em f voltage using 
cither of two different tcchniquoo; PWM and IR cancollation, and a means for 
making real time adjustmonto to tho velocity of the voice coil motor (\^CM) io 
20 diocloood. The method includoo moaouring, ampli^ing, and tranoporting to a 
microproGOOGor the voltages acrooo a voice coil motor (V^H e to) and a scnGC roGistor 
^Reefts e). Thc mothod further includcG calculating the V be^ f voltage of the VCM 
and making real time adjuotmcnto to the VCM velocity. 

According to another embodiment of tho prcoont invention, an apparatus 

25 to control tho velocity of a traneducor head during a ramp load/unload io 

diGclooed. Thc control circuitry includoo a driver circuit that powers tho VCM, a 
multiplexer, an analog to digital converter (ADC), and a microproceooor. Tho 
microproceooor typically calculatoo tho VCM volocity baocd on a moaourcd V bemf 
voltage. 

30 
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BRIEF DESCRIPTION OF THE DRAWINGS 
These and other features and advantages of the present invention are 
more fully described in the following drawings and accompanying text in which 
like reference numbers represent corresponding elements throughout: 
5 FIG. 1 illustrates a crosG Goction of a hard disk drive assembly ; 

FIG. 2 illustrates a block diagram of the art ramp load/unload procoduro ; 
FIG. 3 illustrates a Gchomatic of the ramp load/unload control circuit» 
accordance with a profcrrod ombodimont of tho prcsont invention ; 

FIG. 4 illustrate s a flowchart of a microproccooor calibration algorithm4ft 
10 accordance with the prcsont invention ; and 

FIG. 5 illustrate s a flowchart of a load/unload algorithm in accordance 
with tho invention ; and 

FIG. 6 illustrate s a flowchart of a velocity compensation algorithm4n 
accordance with tho prooont invention . 

15 

DETAILED DESCRIPTION 
FIG. 1 illustrates a conventional dopicts a prior art hard disk drive 100 
that . Tho prior art hard disk drive 100 includes a n actuator 110 having a voice 
coil motor (VCM) 105 , a^disks IIS O, or platters , a cover 115^, an actuator arm 
20 1240, a spindle 1250, a DC power input 130, a read/write heads 135€Q, a base 
casting 14?0, an I/O connector 145. a printed circuit board 150, a frame/bracket 
155, a connector 160. a printed circuit cable 165 and a shock mount ITOf bnd 
oUdoro 180 . 

The A hard disk drive 100 uoco round flat disks liao , or plattoro, that is 



25 are-coated on both sides with a opocial media material that dosignod to stores 
information. The disks 1 130 is_dre-mounted and stacked onto the cylindrical 
spindle 1250 that, during operation, rotates the disks 1120 at a-high speed. The 
Electromagnetic road/write heads 13560 is positioned over and ore mountod onto 
tho ohdcro 180 and aro used to record or reads information to or from and writes 
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to_the diske 1 130. The head 135 is embedded in a T be-slidere 180 aro mounted 
onto the actuator arms 1240 , The VCM 105 and the actuator arm 120 form an 
actuator assembly that arc Gonncctcd moohanically into a oinglo aooombly and 
pooitionod over the ourfaco of tho diok 120. Tho olidoro 180 and tho actuator 
5 armo 140 moves the read/write heads 13560 relative to the disk 110 as needed for 
read/write operations. The hard disk drive 100 is enclosed by the O rK^over 11530 
and e rthe base casting 14?0. 

FIG. 2 illustrates A rramp load/unload in the disk_ha^drive 13004e 
illuotratod in FIG. 3 . The diskh ard drive 1300 includes a ramp 175. and the 

10 actuator arm 120 includes a lift tab 180. 210, a dotcntc (root) pooition 220, an 
actuator 110, an actuator arm 140, a diok 120, a oUdor 180, a road/writo hoad 
160, and a road/writo position 240. During read/write operations, the road/write 
heads 1354 60 fliesy over the ourfacc of the disk 1 ISOj at athe read/write position 
185 240, on as a rcoult of an air cushion caused by the rotation of the disks 1130. 

15 During the-ramp unload, the VCM 105 actuator 110 moves the sLLdor 180 and 
road/writo head 13560 from the disk 110 onto the opocial ramp 175340 while the 
disk 1130 is still spinning. 

Tho road/writo head 160 comoo to rest at tho dotonto position 220, which io 

usod by tho hard diok drivo 300 ao a landing zono on the hard drivo 200. A fter 

20 the road/writo head 13560 comes to rest at a onto tho park dotonto p osition 19330. 
the hard disk drive 1300 stops the rotation of the disk 1130. Similarly, during 
tbe-ramp load, the hard disk drive 1300 spins up incroaooo tho rotation of the 
disk 1130 . and w^ r-When the disk 1 130 is-spinsning at sufficient e r-velocitv for 
whore the road/writo head 13560 toeanr-fly above the disk 1 130 without making 

25 contact , the VCM actuator 10540 moves the olidor 180 and road/writo head 13560 
from e ff-the opocial ramp 175 3 40-to and onto the disk 1 130. 

FIG. 3 illustrates In ordor to control tho velocity of tho olidor and tho 
road/writo hoad 160 up and down tho ramp 210, one ombodimont of tho proocnt 
invention uooo a ramp load/unload control circuity 300. The control circuita?y 

30 300 includes a driver eireuit-3054 0. a first operational amplifier 310, a second 
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operational amplifier 315. that poworo tho VCM, a multiplexer 32^0, an analog- 
to-digital converter (ADC) 325807 and a microprocessor 3380. 

The VCM 105 has an internal resistance (Rvcm) 105A. a back EMF voltage 
(Vbemf) 105B and a total voltage (VvcmV The VCM 105 is connected in series 
5 with a sense resistor 195 with a sense resistance (Rsense). 

The driver 305 has a first output that is connected to the VCM 105 and a 

positive input of the first operational amplifier 310, and a second output that is 
connected to the sense resistor 195 and a negative input of the second operational 
amplififtr 31 fS. The VCM 105 is connected to the sense resistor 195. a negative 
10 input of the first operational amplifier 310 and a positive input of the second 
operational amplifier 315 at a node. 

The driver 305 powers the VCM 105 by sending a current through the 

VCM 105 and the sense resistor 195. The first operational ampUfier 310 receives 
and amplifies the total voltage across the VCM 105 (Vvcm). The second 

15 operational amplifier 315 receives and amplifies the voltage across the sense 

resistor 195 (Vrsense). The multiplexer 320 selects between the amplified VCM 
voltage fi:om the first operational amplifier 310 at a first voltage path and the 
amplified sense resistor voltage from the second operational amplifier 315 at a 
second voltage path in response to a sample signal from the microprocessor 330. 

20 The ADC 325 coverts the multiplexed voltage selected bv the multiplexer 320 
from analog to digital format, and sends the digital signal along a serial port to 
the microprocessor 330. 

^TThe microprocessor 3380 calculates the back EMF voltage based on the 

VCM voltage and the sense resistor voltage, as amplified by the operational 
25 amplifiers 310 and 315. multiplexed bv the multiplexer 320 and digitized bv the 
ADC 325. The microprocessor 330 also t ypically calculates the VCM velocity 
based on the back EMF voltage, and sends a control signal to the driver 105 in a 
feedback loop to accurately control the head velocity. 

The microprocessor 330 calculates the back EMF voltage bv selecting 

30 between a mcaourod Vb em f voltage 310. There arc two mothodo by which tho back 
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omf voltage may bo isolatod and moaourod. Firot, the PWM technique and the 
Puloc Width Modulation may bo uood. Second, the IR cancellation technique^aay 
bo omployod . As a result, the disk drive 100 calculates the back EMF voltage 
using a selected one of the PWM technique and the IR cancellation technique 
5 without implementing two distinct sets of hardware. 

In the Puloo Width Modulation ("PWM") tochniquo, the VCM io turned off 
periodically, forcing the current in the VCM coil, Iv e m, to go to zoro, Thuo, tho 
"IR" drop across tho VCM coil equals zoro and tho bcmf voltage, Vb eg rf, io roadily 
measured. Unliko the PWM tochniquo, tho curront to the VCM io not 

10 periodically turned off in tho IR cancollation technique. Rather, oomo 

ea hbrationo may bo required to cancel tho IR component from tho VCM voltago. 
Such cahbrationo may need to bo repeated bocauoo temperature and voltage 
deviations may cauoo tho gain of the oervo loop to chango frequently ovor time. 
After it calculatoo the Vb emf -voltage, the microprocoooor 390 performs a control 

15 loop componoation before controlling the input to the driver circuitry 310. The 
output of a driver circuit 310 is connocted to both a reoiotanco of tho voice coil 
motor, Ry e m, 320 and tho positive input of a first operational amplifier 350. 

When tho read/write heads 160 are moved across tho magnetic disk, tho 

back omf voltage, Vb em f 340, opposes tho motion of the hoads 160. As tho velocity 

20 of actuator arm 140 increases, tho magnitude of Vb em f increase s. To measure this 
voltago, an oxtornal sonso resistor, Rsonoo 330 may bo placed in oerioo with V berf 
340 and Rv^, 320. Rsonoe 330 may then bo connected to tho negative input of 
tho first operational amplifier 350 and to tho positive input of a second 
operational amplifier 360. Tho other side of Roonso 330 may bo connected to the 

25 negative input of tho second operational amplifier 360 and to an output of the 
drivor circuit 310. 

Tho output of tho first operational ampUfior 350 and tho output of the 

oocond operational ampUfior 360 are coupled to a multiplexor 370. Tho 
operational amplifiers 350 and 360 output signals are reforoncod to a Reference 
30 voltago, Vrof 357. An analog to digital converter (ADC) 380 converts tho 
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multiploxod analog oignalo into a digital format boforo thoy aro rocoivod by 
microprocoooor 390. The microprooossor 390 oalculatoo the VCM volocit^^ ao 
doGcribod below in Figure 4, doo6 the dooirod control loop componGation, and 
Gendo the appropriate control signal to the input of the driver circuit 310. 

5 When the diok drive io initiahzod at power up, the driver circuit 310 io off 

and the current to the VCM, Iv e» 4o ZQJ^O- At thio point, the tranoduccr heado arc 
Gtationar>^ and the back emf voltage, Vb em f 310, io 0. The microprocoooor 390 
receivco a voltage level from the firot operational amplifier 350, Vvcm 353, which 
iG equal to Vref 357, and deoignatcG the voltage ao Vrefl. The microprocooGor 390 
10 then receivoG a voltage level from the Gocond operational amplifier 360, which io 
equal to Vref 357, and deoignatoG it as VrefZ. To determine the exact offoet in 
each path, Vref io moaoured through the patho of Vvcm 353 and the Gonoe 
rcGiGtor, 

The microprocoGGor 390 then determincG the output level in both patho of 

15 Vvcm 353 and V fteeae e 355 for the ADC 380 voltage correoponding to no current 

flowing in the VCM coilo. The microprocessor 3300 cahbrates the control 

circuita?y 300 using thetbe cahbration algorithm 400 described below. Theis 
method of calibration algorithm 400 calculates athe gain cahbration constant 
gain coefScient, { Kcallj using the following IR cancellation technique: 
20 Kcal may be defined ao: 

Kcal = (Equation 

/ X Rsense x Ksense 

m 

^-if Kvcm = 1 -and Ksense - 1 then 

, / X Rvcm 
Kcal = 



i X Rsense 
25 (Equation 32) 

At start-up, a small VCM current is appUed towards the outer crash stop 
making the back EMF voltage zeroV bem f 310-0 : 
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_ / X Rvcm = Vvcm - Vrefl , and_ 



(Equation 3 4) 

/ X Rsense = Vrsense - Vrefl 

5 Therefore, the following relationship is may bo established: 
/ X Rvcm = Kcal x (/ x Rsense) 

Substitution yields the following equaUty: 

- (Vvcm - Vrefl) = Kcal x (Vrsense - Vrefl) 

10 QEquation 6 ) 

Th us, tho microprocessor 3300 majKialibrates the control circuit 300 by 

determining the calibration constant ( gain coofSciont Kcall as follows : 

„ , Vvcm - Vrefl 

Kcal = 

Vrsense -Vrefl 

15 After caUbrating the control circuit 300, the microprocessor 3390 monitors 

the back EMF voltage V wf-34Q^at sample timesj to determine whether to 
increase or decrease the current controlling the read/write head iOO-velocity. 

Figure 4 i llustrato s a flow chart of a caUbration algorithm 400 that the 
control circuit 300 control circuit 300 i mplementf atk^tes to determine a.the-gain 

20 calibration constant {Kcal) at power-up of the disk drive 100 . At step 405, t- ¥he 
calibration algorithm 400 starts at otop 410 . At step 4130, the driver 305 turns 
off the current to the VCM 105 coil io turned off . At step 415, tT he microprocessor 
3390 measu reaeds the VCM voltage (Vvcm) and the sense resistor voltage 
(Vrsense) to provide a first reference voltage (Vrefl) and a second reference 

25 voltage (Vref2) respectivelv output of tho ADC 380 through both tho Vvcm 353 
andrVReeae e 355 patho to dotcrmino tho rcforonco voltage corrcoponding to each 
path, otcp 125 . At step 420. the driver 305 applies aA small current io then 
apphod to the VCM 105 to urge movo the road/write heade 135^ in the unload 
direction (towards a crash stop, away from the disk 110). At step 425. the 
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multiplexer 320 selects the VCM voltage (Vvcm) , and at step 430 . the multiplexer 
320 selects the sense resistor voltage (Vrsense). At step 435, before the 
microprocoooor 390 oolcoto and roado the VCM voltage, Vvcm 353, otcp 110. The 
microproccGGor 390 oolocto and rcado the scnso voltage, VR eefis e 355, otop 150. In 
5 otop 160, the microprocessor 3300 calculates the calibration constantr^iealr (Kcal) 
according to € fc 6equation (8).t 

Kcal- ^^^^"^^^/^ (Equation 8) At step 440, t 

Vrsense-Vrefl 

The calibration algorithm 400 ends at stop 170 . 

Figure 5 i lluotrato s a flow chart of a load/unload algorithm 500 that 

10 the control circuitry 300 implements to control the velocity of the road/writo 

heads 13560 during rampa load/unload procoduro, ao illuotratcd in Figure 2 . At 
step 505, the load/unload ¥ he-algorithm starts at otop 505 . At step 510. t¥ he 
microprocessor 3300 determines whether the road/write heads 13560 is_a3?e-being 
loaded from or unloaded ontofrem the ramp 175 , step 510 . If the heads 135 is a ^ 
15 being loaded from the ramp 175 , then at step 515 the microprocessor 330 sets the 
voltage corresponding to thea target velocity of the road/writo heads 135^ {€bs 
Vload-t Load T arget) , stop 515 . At step 520, tT he microprocessor 3390 measures 
the VCM voltage (Vvcm) and the sense resistor voltage (Vrsense) thcn rocoivco 
tho Vvcm 353 and VR eeae e 355 voltagoo from the ADC 380, otop 520 . At fa-step 
20 525, the microprocessor 3390 calculates the back EMFe mf voltage (-Vbem&emf 
340)7 as follows : 

Vbemf = (Fvc/w - Vrefl) - Kcal x (Vrsense - Vrefl) 

(Equation 9) 

Atfa step 530, the microprocessor 33©0 uses tho calculates d value for Vb emf 
25 340 to determine a velocity error (Verr) as follows : 

Verr = VLoadtarget Load Target — Vbem& e«rf 

(Equation 10) 

Atfa step 535, the microprocessor 3390 performs thea velocity 
compensation algorithm 600 €te-described below in Figuro 6 to make adjust monto 
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te-the rcad/writo hoad v elocity of the head 13560. The volocity Gomponoation 
algorithm adjuoto the tranoducor head velocity by comparing the voltage 
corrooponding to the load target velocity with the voltage correoponding to the 
actual velocity of the tranoducer heads, ao determined from Vb emf-34Q7 

5 Attn step 540, the microprocessor 3300 determines whether the read/write 

heade 135^ is.have-loaded on te-the disk 1130. If the loading procedure is not 
complete, then at step 545 the microprocessor 3300 waits for the next sampling 
period and then the process returns to step 520 one sample duration in otep 547 
before .transferring control to step 520 to measure receive the next VCM voltage 

10 (Vvcm) and sense resistor voltage (Vrsense) V vcm 353 and VR sefis e 355 voltages 
from the ADC 380 . If the loading procedure of the read/write head onto the disk 
is complete, then at step 550 the head 135 is locked into tracking mode and at 
step 595 the heads are locked into tracking mode, in step 515, before the 
load/unload algorithm 500 ends concludes at step 590 . 

15 -Returning to fa -step 51§0, if the microprocessor 3390 determines that the 

read/write heade 135^ isaape being unloaded onto the ramp 1752 40, then at step 
555 the microprocessor 3300 sets the voltage corresponding to assigns the target 
velocity of the head 135 (Vunloadtarget) as V Unload Target . At step 560, the 
microprocessor 330 measures the VCM voltage (Vvcm) and the sense resistor 

20 voltage (Vrsense). The microprocessor 390 then receives the Vvcm 353 and VR eeaee 
355 voltages from the ADC 380 in stop 555. At step 565 In step 560 , the 
microprocessor 3390 may-calculates the back EMF voltage (Vbemf) bftm^^40 
according to equation i9]A 

J^cmf = {Vvcm Vrcfl) Kcal x {Vracnsc Vrcfl) (Equation 9) 

25 At _Using the calculated value for V bem f 340, in step 57065 the 

microprocessor 3390 calculates may determine the velocity errorj^j-Verrij as 
follows : 

^Verr = Vu-Unloadtz^^arget - Vbemf- -Vwf 

(Equation 11) 
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At step 575, tT he microprocessor 3390 tfeefi-performs the velocity 
compensation algorithm 600 e&-described below in Figure 6 to make any 
nocoGGary adjust ment s te-the velocity of the road/write head 135 60 volocity, otop 
^?Q. The velocity compcnoation algorithm adjuoto tho velocity of the tranoducor 
5 hcado by comparing tho voltage corresponding to the load target velocity with tho 
voltage corresponding to the actual velocity of the tranoducor heado, ao 
determined from Vh em i 340. 

At step 580, t¥ he microprocessor 3390 nexfe-determines whether the 

unloading of the road/write head is unloaded from the disk llO hao Gucceoofully 

10 completed, step 575 . If the unloading procedure ishete not completed, then at step 
585 the microprocessor 3390 waits for the next e ne-sampl ingj n^ period and then 
the process returns to step 560 to measure the next VCM voltage (Vvcm) and 
sense resistor voltage (Vrsense) b oforc tranoferring control to stop 555 to receive 
the Vvcm 353 and VR eeae e 355 voltage meaGurcmento, stop 580 . -If the unloading 

15 procedure ifeas completed, then at step 590 the VCM 105 is disabled and at r -step 
5985_ti— The load/unload algorithm 500 ends at step 590 . 

Figure 6 i llustrate s a flow chart of a t be-velocity compensation algorithm 
600 that initiated by the microprocessor 3390 initiates to correct the velocity of 
the road/write heads 13560. At step 605, t¥ he velocity compensation algorithm 

20 600 b egins at otcp 610 . At step 610, tT he microprocessor 330 fe st-determines the 
value of the v elocity error_(-Verr(n))7 for the current sample period, otcp 620. 
This may be done, as previously described in steps 530 or 57065 of the 
load/unload algorithm 500. At step 615 

Next , the microprocessor 330 determines the value of a discrete control 

25 variable (cr^ntrol(n))T that will be used by the driver circuit 3405 to make 

adjustments-fee the head velocity. Although there are several methods of velocity 
compensation that are well known in the art and may be employed in the present 
invention, the preferred embodiment of tho prcoont invention e mploys athe 
pProportional-ilntegral control technique, wherein Kp is a proportional constant 
30 and Ki an integral constant. Both Kp and Ki are selected according to the 
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desired frequency and transient responses for the velocity control loop. The 
proportional-inte^al control technique calculates the discrete control variable 
baoic equation, in the continuous time domain , for the volooity componsation 
algorithm 600 may bo rcprooontod as follows : 



. Output _ command = I + — 



xVerr 



(Equation 12) 

Although Q continuous timo domain illustration is shown, the proforrod 
ombodimont of tho proocnt invention omployo a microprocoooor 390 that digitally 
proGOGOOO the control oignalo. The abovo output control equation should thoroforc 
10 bo implemented in tho diocroto timo domain. In step 630, thoroforc, t The 
microprocessor 3380 calculates the valuo for the discrete control variable_(cT 
€ontrol(n) ) in the discrete time domainr using the proportional-integral control 
technique as follows : 

- Controlin) = Control{n - 1) + Ki x(T- Kp) x Verr{n ~\)-¥Kpx {Verr{n)) j 

where (n) denotes the current sample and (n— 1) denotes the previous sample. 
The discrete control variable corrects the head velocitv by comparing the voltage 
corresponding to the target velocity with the voltage corresponding to the actual 
velocitv of the head 135 as determined bv the back EMF voltage. 

20 At step 620, tT he microprocessor 3380 then sends the discrete control 

variable value for Control(n) to the driver circuit 3105, and the driver 305 w here 
adjustments te-the head velocity based on the discrete control variablew iH-be 
initiated, stop 640 . At step 625, Using tho current values for Control(n) and 
Vorr(n), the microprocessor 3380 sets the discrete control variable and the 

25 velocitv error of the current sample (control(n) and Verr(n)) to the previous 

sample (control(n-l) and Verr(n-l)) for use bv the next sample v aluc of ControKn 
1) and Vorr(n 1) equal to the current value s of Control(n) and Vcrr(n), so that 
thoso values may be used for velocity control during the noxt sample timo, stop 
650. At step 630, the microprocessor 330 determines whether I f-the velocity 
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compensationg algorithm 600 continues . If so, then the process returns to step 
610 for the next sample , otherwise at step 635 t control io tranofcrrcd to otop 620 
wherein tho microprocoooor dotorminoo the value of tho volocity error, Vorr(n), 
for the current oamplo period. T he velocity compensation- algorithm 600 
5 ends concludco at step 660 . 

EXAMPLE 

The present invention is illustrated by the following By way of o xamplcT 
10 the following calculationo rcprcocnt an illustrative implementation of tho prcGcnt 
invention . T T3T)ical valuco for t he VCM resistance and the sense resistors are as 
follows may bo : 

Rvcm 320 = 17.1 Q 

Rsense 330 = 1 Q 

15 TSimilarly, t he gains of the first operational amplifier 31§0_(-Kvcm)7 and 
the second operational amplifier 315607 (Krsense) are as follows may bo : 
Kvcm = 5 
Krsense = 4 

The ADC 325 p roforrod embodimont of tho invention us tilizc s a-12-bits 
20 ADC converter 380 w ith a full-scale voltage of 5 volts and has the following t 
Thus, tho resolution of the preferred ADC converter 380 may bo : 

ADC resolution = ^^:i,f = = 1.221.10- -V/count 

— 2 ADC _ bits 2 2 

(Equation 14) 

The driver 305 provides a reference voltage of 2.5 volts to the sense 
25 resistor 195 and the second operational amplifier 315 . Vrof 357, whon V h&mtMQ 
- 0. may bo 2.5 volts when the back EMF voltage is zero . The first and second 
reference voltages Because different offset voltagco may cxiot for tho paths of 
Vvcm and YE sem e, the roforonco voltage through each path may not be identical to 
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Vrof357. Iff Vrefl and Vref2) are as foUows dofinod ao tho roforonco voltagoo at 
tho ADC 380 for oach roopootivo path, thooo voltagoo may bo : 

Vrefl = 2.520 voltsrftad 

Fre/2 = 2.510 voltST 

T huo, tho ADC-380 counts corresponding to the first and second reference 



voltages at the first and second voltage f or oach paths are as follows w ould b e: 

ADC Vrefl count = — = 2064 

- / - ADC _FS _voltage 

ADC Vref2 count = — ^ = 2056 

- - ADC _FS _voltage 

The VCM voltage (Vvcm') when Sotting t he VCM current ( I vcm)v fim iste 10 

10 mA is as foUows mav then yield a valuo for Vvcm 353 of : 

Vvcm — Vrefl + Ivcm x Rucm x 

Kvcm Fvcffl.353 = Vrefl I Ivcm x Rvcm.'ilQ x Kvcm 

- = -2.52 V + 10 mA 17.1 Q 5 

- — 3.375 volts 

15 ^The ADC convortor 380 count corresponding to tlae-Vvcm voltago 353 is_as 

follows: 



ADC _ Vvcm _ count = Integer 



( Vvcm.2'^^-''"' ^ 



^ADC _FS _voltage 



- ADC _ Vrefl _ count 



(Equation 15) 

= -(3.375 V x* 4096) / 5v - 2064 

20 = -701 

The Similarly, tho ADC convortor 380 count corrooponding to tho VR eeaee 
355 mtiy bo caloulatod by firot dotormining tho value of V rsenseB sewse-^&& is_as 
follows : 

Vrsense - Vref2 + Ivcm x Rsense x Ksense (Equation 16) 

25 _ _=2.51 + 10mAx.-l^^x_-4 
= -2.55 volts 
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Th is value of VR eene e 355 corrcopondoo to tho following ADC 380-count 
corresponding to Vr sense is as follows : 



. ADC _ Vrsense _ count - Integer 



ADC _FS ^voltage 



' ADC _Vref2 _count 



(Equation 17) 

= -(2.55 V jc^ 4096) / 5v - 2056 

- =-33 



Finally, the value for the calibration constant ( gain, Kcal) , for tho 

preferred embodiment is determined as follows : 

, ADC Vvcm count ^. 

Kcal = = = (Equation 18) 

ADC _ Vrsense _ count 

10 = —700 / 33 

= 21.21 

T it should be underotood that t he number of bits in the ADC 32580 may be 
increased if greater accuracy or resolution is desired, or the number of bits in the 
ADC 380 may be reduced to decrease computational burden. 

15 It will be apparent to those skilled in the art that various modifications 

and variations can be made to the embodiments described above hard disk drive 
ramp load/unload methodology w ithout departing from the spirit or the scope of 
the invention. Thus, it is intended that the present invention covers the 
modifications and variations of this invention provided that they come within the 

20 ocope of thea ny claims and their equivalents. 
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ABSTRACT 

A disk drive controls head velocity during ramp load/unload by 

measuring voltages across a VCM and a sense resistor in series with the VCM, 
calculating a back EMF voltage using the VCM and sense resistor voltages, and 
5 adjusting the head velocity using the back EMF voltage. An embodiment 
includes amplifying the VCM and sense resistor voltages, multiplexing the 
amplified voltages, digitizing the multiplexed voltages and calculating the back 
EMF voltage in discrete-time based on the digitized voltages. Another 
embodiment includes selecting between PWM and IR cancellation techniques and 

10 calculating the back EMF voltage using the selected technique. The proGont 

invention providoo a hard drive Qsoombly and a related method for moaouring the 
velocity of a transduGor head during a ramp load/unload. To achiovo those and 
other advantages and in accordance with the purpooos of the present invention, 
as embodied and broadly doocribcd, a method and apparatus for controlhng the 

15 velocity of a read/write disk head during a ramp load/unload arc diGcloood. The 
method includco measuring, amplifi^ng, and transporting to a microprocessor the 
voltages acrooo a voice coil motor (Vm ete f) and a sonsc rosistor (VR 6eft6e)T-Tbe 
method further includes calculating the Vb em f voltage of the VCM and making 
real time adjustments to the VCM velocity. The apparatus used to control the 

20 velocity of a read/write disk head during a ramp load/unload includes a driver 

circuit that powers the VCM, a multiplexer, an analog to digital converter (ADC), 
and a microprocessor. The microprocoGSor t3T)ically calculates the VCM velocity 
based on a measured Vb em f voltage. 
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